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Pressure E f fe c ts  o f  O p t i c a l l y  Transparent Gases on 
Molecu lar  Rydberg States (93_pp^)
D i re c to r :  John D. Scott
A model is  developed to  perm it  c a lc u la t io n  o f  e x c i te d -s ta te  i n t e r -  
molecu lar  Van der Waals forces from the broadening and s h i f t  o f  absorp­
t i o n  spectra a t  d i f f e r e n t  pressures o f  a non-absorbing gas. The non- 
absorbing or  o p t i c a l l y  t ranspa ren t  gas is  termed the pe r tu rbe r  wh i le  the 
molecule wich in te r a c t s  w i th  the l i g h t  ra d ia t io n  is  termed the absorber. 
P e r tu rbe r  gas pressures ranged from 0 to  25 bar.The study is  conf ined to 
absorber Rydberg s ta tes  because o f  t h e i r  s u s c e p t i b i l i t y  to  p e r tu rb a t io n .
A Lennard-Jones 6,12 p o te n t ia l  i s  used to  de f ine  the in te rm o lecu la r  
forces between the absorber and p e r tu rb e r .  The p o te n t ia l  i s  re la te d  to  
absorbance by c o e f f i c i e n t s ,  C., which are determined from the fo l lo w in g  
expansion:
» ' ( » ) .  V I  c ,  A & i m m
1=0 dv
A^(v) and A°(v)  are the experimental absorpt ion spectra w i th  and w i th ­
out p e r tu rb a t io n ,  r e s p e c t iv e ly .  The th e o re t i c a l  form o f  the c o e f f i ­
c ie n ts ,  as developed in t h i s  paper, al lows ca lcu la ton  o f  the Lennard- 
Jones parameters from the exper im en ta l ly  measured C. values. The 
consis tency and v a l i d i t y  o f  the model in terms o f  the physica l forces i t  
i s  a t tempting to  p re d ic t  are discussed in d e t a i l .
Systems in ves t ig a ted  inc lude CH^I w i th  SF^ and t h i i r a n e  w i th  SF^, A 
and CF^. T h i i ran e  is  shown to  be a f fec ted  more by the appl ied p e r tu r ­
ba t ion than CHgl. In a d d i t io n ,  the Lennard-Jones p o te n t ia l - w e l l  depth 
e x h ib i t s  a f a r  g re a te r  percent change between the ground and exc i ted  
s ta tes  than does the in te rm o lecu la r  d is tance ,  which remains almost 
unchanged. L a s t ly ,  the change o f  the p o te n t ia l - w e l l  depth in the ex­
c i te d  s ta te  is  shown to  c o r re la te  we l l  w i th  the appearance o f  s a t e l l i t e  
bands which are present f o r  pressures g re a te r  than 4 bar.
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In t ro d u c t io n
The broadening and s h i f t  o f  spec t ra l  l i n e s ,  f i r s t  t rea ted  by Lorenz 
in 1906, has been a sub jec t  o f  inc reas ing  in te r e s t  since the 1930 's. 
Numerous techniques and in te r a c t io n  p o te n t ia ls  have been u t i l i z e d  to 
exp la in  these e f f e c t s  w i th  vary ing  degrees o f  success. This paper 
considers on ly  the Lennard-Jones 6,12 p o te n t i a l .  The spec tra l  se r ies
o
analyzed occur in the vacuum u l t r a v i o l e t  reg ion,  2000-1300 A .  In addi­
t i o n ,  emphasis was given to  Rydberg s ta tes  as the e f f e c t  on these s ta tes 
by an ou ts ide  pressure p e r tu rb a t io n  is  q u i te  dramatic .
In idea l  cases Rydberg t r a n s i t i o n s  o f  molecules may be recognized
by t h e i r  f requenc ies,  v ,  which f i t  the se r ies
. Rhv = a. ------------------
’ (n -  6 ) :
where is  the io n iz a t io n  p o t e n t i a l ,  R is  the Rydberg constant (1.09737 
X 10 ^ cm  ̂ ) and <S is  termed the quantum de fec t  (1 ) .  T h e o re t ic a l l y  the 
t r a n s i t i o n s  are c h a r a c t e r i s t i c  o f  a one e lec t ron  system in  which the 
o p t ic a l  e lec t ron  is  a t  so la rge a d is tance from the core th a t  the core 
appears as a po in t  charge. The quantum-defect term r e f l e c t s  the dev ia ­
t io n  o f  the core from a p o in t  charge. The o p t ic a l  e lec t ron  is  in an 
o r b i t a l  w i th  a very la rge  r e l a t i v e  rad ius ;  th e re fo re ,  i t  i s  q u i te  sens i­
t i v e  to  p e r tu rb e r  gas pressures. Va lence-she l1 t r a n s i t i o n s  are much 
less s e n s i t iv e  to  ex te rna l  p e r tu rb a t io n s  (1 ) .  Thus, the a p p l ic a t io n  of 
pressure serves as a device to  i d e n t i f y  Rydberg t r a n s i t i o n s ,  even i f  
there  is  d i f f i c u l t y  in f i t t i n g  them to  the Rydberg equat ion. Figure 1 
shows the extens ive  broadening o f  a methyl iod ide  Rydberg band when
pressur ized w i th  n i t rogen .  In c o n t ra s t ,  the valence she l l  t r a n s i t i o n  of 
benzene shows almost no change when pressur ized w i th  136 atm o f  helium.
The technique o f  u t i l i z i n g  a p o te n t ia l  curve fo r  band ana lys is  is  
i l l u s t r a t e d  in Figure 2. Curve I shows both molecules in the ground 
s ta te .  There is  a van der Waals a t t r a c t i o n  a t  la rge  in te rm o le cu la r  
d is tances ;  however, as the molecules are brought c lose r  toge the r  the 
charge clouds over lap and the i n te r a c t io n  q u ic k ly  becomes re p u ls ive .  
Curve I I  represents the absorber in a Rydberg exc i ted  s ta te  which, due 
to  some p rope r ty  o f  the p e r tu rb e r ,  such as e lec t ron  a f f i n i t y ,  is  s t a b i ­
l i z e d  and th e re fo re  s h i f t e d  to  lower energy. The la s t  p o te n t ia l  curve 
(curve I I I )  represents the d e s t a b i l i z a t i o n  o f  the absorber Rydberg s ta te  
by the pe r tu rb e r .  Here the la rge  s ize o f  the Rydberg o r b i t a l  and the 
r e s u l t in g  re p u ls ive  forces dominate.
In order to  determine numerical values f o r  the molecular 
in te r a c t io n  parameters in the Rydberg s ta te ,  the Lennard-Jones p o te n t ia l  
was used in the development o f  a th e o re t i c a l  model. The u t i l i z a t i o n  of
t h i s  model requ ired  a Tay lo r  expansion (24) where the absorpt ion spec-
Ptrum w i th  p e r tu rb a t io n  app l ied ,  A (v ) ,  is  expressed in  terms o f  the 
absorp t ion  spectrum w i th o u t  p e r tu rb a t io n ,  A ° (v ) ;
A^(v )  =  V  r  C. (1)
1=0 dv’
(For d e r i v a t io n  o f  t h i s  equat ion see Appendix A.)
Using a moment an a lys is  the above equation is  solved to  y ie ld  a set of  
c o e f f i c i e n t s ,  C_.. These c o e f f i c i e n t s  inc lude  in fo rm at ion  regard ing the 
e xc i te d  s ta te  van der Waals constants .
Figure 1. The ^A, t r a n s i t i o n  o f  benzene be fore  and a f t e r^ I g zn
the a d d i t io n  o f  136 atm o f  helium gas shows the lack 
o f  broading c h a r a c t e r i s t i c  o f  valence s h e l l  t r a n s i ­
t i o n s .  This co n t ra s ts  w i th  the ex tens ive  asymmetric 
broadening o f  the 5p 6s Rydberg t r a n s i t i o n  o f  methyl 
iod ide .  From "H igher Excited States o f  Polyatomic 
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Figure 2. P o te n t ia l  energy curves rep rese n t in g  the i n te r a c t io n  
o f  an ab so rb e r -p e r tu rb e r  p a i r .  Curve I d e p ic ts  both 
molecules in  the ground s ta te .  Curves I I  and I I I  
show s t a b i l i z a t i o n  and d e s t a b i l i z a t i o n  o f  the Rydberg 













The th e o re t i c a l  aspect o f  t h i s  work consis ted o f  d e r iv in g  molecular 
in te r a c t io n  p o te n t ia ls  from the broadening and s h i f t  o f  a spec t ra l  band. 
The broadening and s h i f t  o f  the band resu l ted  from increas ing pressures 
o f  a non-absorbing gas. In the development o f  t h i s  model several ap­
prox imat ions ,  assumptions and d e f i n i t i o n s  were made.
The f i r s t  approximation a t t r i b u t e s  any s h i f t  in a spectrum to  a 
change on ly  in  energy, w h i le  the wavefunct ion remains unperturbed. 
P e r tu rba t ion  theory  o f  non-degenerate s ta tes  t e l l s  us th a t  to  a f i r s t -  
o rder approximation the p e r tu rb a t io n  energy can be expressed as
£<1) _ <  y (0 )  I %(!)  I y (0 )  ^  (2)
where the p e r tu rb a t io n  is  averaged over the wavefunct ion o f  the unper­
turbed s ta te .  While i t  would c e r t a in l y  be necessary to  inc lude higher 
order approximation equat ions a t  g re a te r  pressures, i t  w i l l  be shown 
th a t  the wavefunct ion p e r tu rb a t io n  is  q u i te  small f o r  pressures less 
than 5 bar; th e re fo re  the f i r s t - o r d e r  energy equation is  s u f f i c i e n t .
The c o e f f i c i e n t s ,  C^, in  Eq. (1) are expressed as
/ i \ - i  / _  0 ( r )  0^( r )  r ( r )  dr
S  = i !  r % - r - ------------------
(3)
n ( r )  dr
where 0 ( r )  represents the molecular d i s t r i b u t i o n ,  D^(r)  the energy s h i f t  
o f  the absorp t ion band and r ( r )  the t r a n s i t i o n  p r o b a b i l i t y  o f  the per­
turbed system r e l a t i v e  to  the t r a n s i t i o n  p r o b a b i l i t y  o f  the unperturbed 
system. The on ly  coord ina te  considered is  the in te rm o lecu la r  separat ion
r .  These q u a n t i t i e s  w i l l  be de f ined s p e c i f i c a l l y  f o r  t h i s  model l a te r  
in t h i s  se c t io n .  I f  no wavefunct ion p e r tu rb a t io n  e x i s ts ,  T ( r )  = i and the 
expression s im p l i f i e s  to
c -  ( - 1 ) '  4  (4)
 ̂ ' fj. n (r )  dr
Therefore,  we are concerned on ly  w i th  an energy s h i f t  which is  a 
fu n c t io n  o f  the absorber-pe r tu rbe r  coord ina te ,  and w i th  the molecular 
d i s t r i b u t i o n .  (Appendix B discusses F f  1).
The la s t  approximation deals w i th  absorber-pe r tu rbe r  r e la t io n s h ip s .  
The model considers on ly  absorber-pe r tu rbe r  p a i rs .  Again, the only 
coord ina te  is  the in te rm o le cu la r  separa t ion .  This s im p l i f i e s  c a lc u la ­
t io n s  cons iderab ly  but in troduces increas ing e r ro r  as a molecule de­
v ia te s  from spher ica l  symmetry.
The basic  assumption o f  the model is  the use o f  the Lennard-Jones 
p o te n t ia l
U(r)  = 4e -  o * / r * )  . (5)
S p e c i f i c a l l y ,  f o r  t h i s  model the p o te n t ia ls  o f  the ground s ta te  and 
exc i ted  s ta te  are expressed re s p e c t iv e ly  as
U(r) = 2Dg ( rg :z /2 r : :  -  r^Vr®)
and
U ' ( r )  = 2Dg' ( r ; ‘ z /2 r * z  -  r ^ ‘ / r * ) . (7)
The f o l l o w i n g  customary eq u a t io n s  and r e l a t i o n s h i p s  were used;
S .  = (8)
(3)
2  ̂ a = Pe , where is the position o f  the potential  minimum, (10) 
and
*  e, the potent ia l  well depth (11)
The energy s h i f t  o f  the  band can now be expressed as
D(r )  = U ' ( r )  -  U( r )  . (12)
The volume occupied by th e  p e r t u r b e r  molecules  is  assumed to  be 
t h a t  o f  an id e a l  gas
V = fel/P .
Furtherm ore  i t  is  assumed t h a t  each volume is  a sphere o f  ra d iu s
R = . (13)
where R is  used as th e  upper i n t e g r a t i o n  l i m i t  in Eq. 4.
The model u t i l i z e s  a Boltzmann d i s t r i b u t i o n  f o r  th e  ground s t a t e  
a b s o r b e r - p e r t u r b e r  i n t e r m o l e c u l a r  d i s t a n c e .  A cont inuous energy d i s t r i ­
b u t io n  f o r  both th e  ground and e x c i t e d  s t a t e s  is  a ls o  assumed.
The f o l l o w i n g  q u a n t i t y  is  d e f in e d ;
/  [ D ( r ) ] "  exp [ -U( r ) / feT] r^dr  ( 1 4 )
0 “  = — ------------------------------------- 5------------  ■
P exp [ -U ( r ) / f e T ] r  dr
C o e f f i c i e n t s  a re  now r e a d i l y  expressed as
C. = ( - 1 ) 1  D 1 / i  ! (1 5 )
The c o r r e la t i o n  between the experimental c o e f f i c i e n t s  and the desired 
in te rm o le cu la r  parameters ( r ^ ,  r ^ ' ,  and D^ ' )  can now be made.
For t h i s  model, knowledge o f  the f i r s t  th ree  c o e f f i c ie n t s  was 
adequate to  determine the in te rm o le cu la r  parameters. These are
Cq = ( - l ) * D p ° / 0 !  = 1 (16)
Cl = ( - l ) ' D p / l !  = -{2[Dg-Dg'rg'  (b , r^ /R )  -
[ D e - D e ' r e " ' / r / ' ] F i ( b . r g / R ) } / F _ ^ ( b . r g / R )  , O ? )
S  = ( - l ) % ^ / 2 !  = { 2 [D g - D g ' r g 'V r g ^ 2 p ^ { b , r g / R )  - 
2 [ D e - D e ' r e ' V r e ^ ]  x





F „ (b . r g /R )  exp [ - b ( x - l ) 2 > " / 2  (^g)
(For e x p l i c i t  d e r iv a t io n s  see Appendix C.)
This set  o f  approximations, assumptions and equations represents 
the t h e o r e t i c a l  model. Exper im enta l ly  determined c o e f f i c ie n t s  analyzed 
in t h i s  con tex t  al lowed the in te rm o le c u la r  parameters to  be est imated.
The c a lc u la t io n  o f  in te rm o le c u la r  parameters from the broadening 
and s h i f t  o f  spec t ra l  bands v ia  a s i m p l i s t i c  form o f  a chemical poten­
t i a l  has been ga in ing  in p o p u la r i t y  s ince 1970. The square wel l  poten­
t i a l  has been shown to  p re d ic t  c o r r e c t l y  the d i r e c t io n  o f  energy s h i f t
8
and appearance o f  s a t e l l i t e s  in spectra (5, 8 and 16) when a pressure 
p e r tu rb a t io n  is  app l ied .  Robin and Kuebler (9)  proposed using the 
Lennard-Jones 6,12 p o te n t ia l  to  exp la in  the changes w i th  pressure ex­
h ib i te d  in  spectra,  however had l i t t l e  success in c a lc u la t in g  numerical 
values f o r  the in te rm o le c u la r  parameters. Since then, several authors 
(4, 17, 18, 19 and 26) have used the Lennard-Jones p o te n t ia l  to ca lcu­
la te  numerical values f o r  these parameters. However, the problem was 
t rea te d  in a t ime dependent framework. The c a lc u la t io n  o f  in te rmolecu­
l a r  parameters by a t ime independent method g re a t l y  s im p l i f i e s  c a lc u la ­
t io n s  and is  be l ieved to  be unique to  t h i s  work.
M a t e r i a l s  and Methods
The spectra o f  methyl iod ide  perturbed w i th  s u l f u r  hexa f lou r ide  
were taken on a McPherson Model-240, 2 meter vacuum monochromator 
equipped w i th  a 1200 line/mm g ra t in g .  F i r s t - o r d e r  re c ip ro ca l  d ispe rs ion
o
o f  t h i s  g ra t in g  was 3.75 A/mm. The re s o lu t io n  was regu la ted by ad­
ju s t i n g  entrance and e x i t  s l i t s .  These were t y p i c a l l y  set a t  a w idth o f
o
.150 mm, r e s u l t i n g  in  a nominal re s o lu t io n  o f  .04 A . The source o f  
r a d ia t i o n  was a H interegger hydrogen discharge lamp.
The McPherson monochromator was modif ied to  a l low double-beam 
opera t ion  by p lac ing  a Mgp2 Rochon p o la r iz in g  prism (Kar l  Lambrecht) 
a f t e r  the e x i t  s l i t ,  thereby s p l i t t i n g  the beam. One beam was passed 
through the sample c e l l  to  an end-on p h o to m u l t ip l ie r  tube (EMI-Gencom 
9635QB), as had been the case w i th  s in g le  beam opera t ion .  The second 
beam was re f le c te d  from a Mgp2-coated aluminum f r o n t - s u r fa c e  m i r ro r  
(Acton Research) in to  a s ide-on p h o to m u l t ip l ie r  tube (Hamamatsu R106UH). 
The phototube curren ts  were t ran sm i t te d  to  e lec trometers ,  the s ignal 
ou tpu t  o f  which were sent to  a computer (TRS-80 Model I )  through a 12- 
b i t  A/D conver te r  (Teledyne 7109). This A/D conver te r  was a dual slope 
type which in te g ra ted  data over a f ix e d  time per iod;  t h i s  per iod was set 
at  .25 seconds. Knowledge o f  p h o to m u l t ip l ie r  tube parameters allowed 
the conversion o f  the s igna l  to  the number o f  photons co l le c te d  dur ing 
in te g r a t io n .  The s t a t i s t i c a l  s ig n a l /n o is e  r a t i o  (S:N) could then be 
ca lcu la ted  by
S:N # photons c o l le c te d
10
Hence the number o f  in te g ra t io n  per iods requ ired  f o r  a s p e c i f ie d  S:N 
r a t i o  could be r e a d i l y  determined. In t h i s  experiment the S:N r a t i o  was 
f ix e d  a t  500:1. The computer was programmed to  perform the task o f  S:N 
r a t i o  de te rm ina t ion  as we l l  as to  s to re  the averaged s igna ls  on a d isk .
The instrument was converted to  a double beam system in order to  
compensate f o r  1i g h t - i n t e n s i t y  f l u c t u a t io n s .  The p rec ise  wavelength 
co n t ro l  requ i red  by t h i s  experiment a lso necess i ta ted the in co rp o ra t io n  
o f  a stepper motor (North American P h i l i p s  K82501-P1) in to  the monochro­
mator scan d r iv e .  The stepper motor (48 s te p s / re v )  replaced the 200 
rev/min synchronous motor p re v io u s ly  used to  d r iv e  the worm gear which
o
ro ta ted  a t  25 A / r e v .  The gear chain, a lready in place, was set f o r  a 
gear reduc t ion  o f  500:1. The stepper motor opera t ing w i th  t h i s  s e t t in g
o
took 960 steps/A. The opera t ion o f  the stepper motor, and thus o f  the 
g ra t in g  d r i v e ,  was c o n t ro l le d  through the micro-computer.
A sample c e l l  w i th  a path length o f  23 cm was equipped w i th  2 mm 
quartz  windows (Sl-UV, Esco Products I n c . )  capable o f  t r a n s m i t t in g
o
useable l i g h t  i n t e n s i t y  to  ca. 1700 A ,  The c e l l  was constructed o f  1/2" 
t h i c k  aluminum to  w i ths tand high pressure g rad ien ts .  The plumbing, 
window mounting and c e l l  assembly were such th a t  both high vacuum and 
high pressure could be mainta ined.
A l l  samples were stud ied in the vapor phase a t  absorber pressures 
o f  less than 2.5 x 10 t o r r .  High q u a l i t y  methyl iod ide  ( A ld r ic h )  was 
f u r t h e r  p u r i f i e d  by several vacuum d i s t i l l a t i o n s  con s is t in g  o f  succes­
s ive  freeze-pump-thaw cyc les .  The sample pressure in  the c e l l  was 
measured using a d i f f e r e n t i a l - p r e s s u r e  t ransducer (Val idyne Engineering
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DP-103). Mon i to r ing  o f  the sample c e l l  pressure as SF^ (Matheson,
99.99% p u r i t y )  was added was accomplished w i th  another pressure t ra n s ­
ducer (Va l idyne Engineering DP-15).
Once an approp r ia te  CH^I pressure was obtained in the sample c e l l  
an unperturbed absorp t ion spectrum was recorded. This same CH^I sample 
remained in the c e l l  throughout the experiment. SF^ was then in troduced 
in to  the c e l l  in increments o f  approximate ly .5 bar u n t i l  t o t a l  SF^ 
pressure reached ca. 5,0 bar. At each increment an absorpt ion spectrum
on
app l ied ,  was obta ined. A moment ana lys is  technique was u t i l i z e d  to  
c a lc u la te  numerical values f o r  the c o e f f i c ie n t s  Cq , and Cg (Eq. 1 6 ,
17 and 18) at  each p e r tu rb a t io n  pressure.
To understand how t h i s  moment ana lys is  was app l ied ,  a number o f  
q u a n t i t i e s  must be de f ined.  The moments o f  the unperturbed spectra are 
def ined as
M° = / A ° ( v ) v " / v  dv . (20)
was taken; thus a set  o f  A ^ (v ) 's ,  absorpt ion spectra w i th  p e r tu rb â t !
n
Likewise, moments o f  the spectra w i th  p e r tu rb a t io n  appl ied are
= / A ^ ( v ) v " / v  dv . (21)
Combination o f  Equations 1, 20 and 21 y ie ld  the fo l lo w in g ;  
r f  5 / A f ( v ) / v  dv = C y A ° ( v ) / v  dv + C ^ / d A ° ^ l / v
At the l i m i t s  the absorbance equals zero and thus the la s t  two in te g ra ls  
are also zero, leav ing
M? = C / A ° ( v ) / v  dv = C M° .





S im i la r l y ,
5 /A^(v)dv = C^/A°(v)dv + dv +
or
= Co"! + dv + C2/v4 !4: i %)/s dv .
In te g ra t in g  these by pa r ts  and eva lua t ing  a t  the l i m i t s  y ie ld s
= C M° - C,M°1 o 1 1 o
or
C M? - M ?
M’’
C = o 1 1 • (23)
La s t ly ,
= / A ^ v ) v  dv = C^/vA°(v)dv + Ci;v:dA°t§)/% dv + dv
or
. C » »  * ®  * C .
Again, apply ing in te g r a t io n  by par ts  and eva lua t ing  at the l i m i t s  gives 




To i l l u s t r a t e  the use o f  t h i s  technique a hyp o th e t ica l  absorpt ion 
curve is  assumed. The curve used is  a modif ied Gaussian fun c t ion  
because o f  i t s  simple a n a ly t i c  form. The absorpt ion spectra are 
expressed as
A “ (v) = A° &
m a x  V
o
and
A f ( v )  E A?
m a x  V* 
o
where v is  the wave number o f  the band maximum and o
a  = V  ( h a l f - w i d t h )  .
U t i l i z i n g  these d e f i n i t i o n s  the moments can be e a s i l y  ca lcu la ted .  Only 
the re s u l t s  are given here.
= A-
«  m a x  »
= A® a y f lT
1  m a x  ’
* ' ô > -
and
<  = . V F -  .
M: = A ^ ^  ÿ v i r f '  + v y ) .
o
These moments, in  combinat ion w i th  Equations 22, 23 and 24, g ive  the 
c o e f f i c i e n t s ;
14
a* V * _ max_____ o
^0 ' A*" a V*max o
A^ a*max /
A"" a \1 .O -  V . ' )  = (V^ - 3 . ' )  max
and
Â "
C, = [a ’ ^ -a V 2  + (v • -  V )2]  .  ^  [ a ‘ * - o V 2  + (v ' -  v )2 ]  .
 ̂ 2A® a 0 0 2 o omax
I t  should be apparent t h a t  is  p r im a r i l y  dependent on the energy s h i f t  
whereas Cg is  dependent on both the energy s h i f t  and band broadening. 
Although the e x p l i c i t  form o f  these c o e f f i c ie n t s  changes w i th  the 
d e f i n i t i o n  o f  A®(^)and A^(v),  the dependency on the energy s h i f t  and 
band broadening is  re ta ine d .
In a c t u a l i t y  the in te g ra t io n s  were performed num er ica l ly  u t i l i z i n g  
a Newton-Cotes-8-poin t  technique. The in te g ra t io n  was performed on the 




Experimental data were compiled on the f i r s t  s-Rydberg s ta te  of  
CHgl in the presence o f  the fo re ig n  gas SF^. A d d i t io na l  experimental 
systems explored by Altenoh e t  a l . were also analyzed in the con tex t  o f  
t h i s  model. These re s u l t s  w i l l  be reviewed as w e l l .
O O
A l l  CH^I/SFg data sets were run from ca. 2007A to  2221A; the band
o
maximum o f  the spectrum before p e r tu rb a t io n  was 2011.6A , Figure 3
shows a t y p ic a l  spec t ra l  se r ies  o f  CH^I w i th  SF^. In t ro d u c t io n  o f  SF^ 
to  the sample c e l l  resu l ted  in a s l i g h t  red s h i f t  o f  the CH^I band 
maximum. An asymmetry in the broadening, observable a t  approximate ly  
4.0 bar, becomes more pronounced as SF^ pressure is  increased.
In t e n s i t y  o f  the absorp t ion peak f a l l s  o f f  p ro p o r t io n a te ly  as the band 
broadens to  lower f requenc ies .  An is o b e s t ic  p o in t ,  where the absorpt ion 
remains a constant,  i s  observable on each side o f  the band maximum.
Three spec t ra l  se r ies  o f  CH^I pressur ized w i th  SF^, designated as 
sets A, B and C, are reviewed here. Spectra were analyzed using a 
moment ana lys is ,  as o u t l in e d  in  the prev ious sec t ion ,  to  y ie ld  a set  o f  
c o e f f i c i e n t s  f o r  each spec t ra l  se r ies  (Table 1).  Figures 4 through 7 
show p lo ts  o f  these c o e f f i c i e n t s  versus pressure. For sets A and B a
o
data p o in t  was taken every 0 .0 5 A whereas f o r  set C one was taken every
o
O.IA. Two re s u l t s  are s t r i k i n g l y  obvious. F i r s t ,  the value o f  Cq
r a r e l y  va r ie s  from 1.0 by more than 4 percent at  pressures less than 5
bar. Secondly, the p lo ts  o f  and both y ie ld  e s s e n t ia l l y  s t r a ig h t  
2
l i n e s  w i th  r  values never less than .96 and u su a l ly  g rea te r  than .98,
16
Figure 3. Example of increasing SFg pressure on the 2011.6Â 
band of methyl iodide. Pressures were: neat, 1.133 
bar, 1,985 bar, 2.94 bar, 4.12 bar and 5.065 bar.
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Experimental C o e f f i c ie n ts
Data Set Pressure Co Cl C2
A 1,065 1.016 1.92 38.4
A 2.136 .986 4.48 34.8
A 3.328 .994 6.91 133
A 4.611 .968 12.73 255
A 6.018 .943 14.96 326
A 7.525 .886 17.54 392
6 1.184 1.033 2.69 97.6
B 1.581 1.019 2.62 63.3
B 2.27 1.040 4.26 134
B 2.78 1.049 4.71 185
B 3.35 1.042 5.55 200
B 3.98 1.031 6.42 233
B 4.49 1.044 8.31 313
6 5.20 1.029 9.40 351
C 1.133 1.012 2.47 39.2
C 1.985 1.017 3.82 75.7
C 2.94 1.019 6.19 144
C 4.12 1.013 9.19 270
C 5.065 1.005 11.10 336
18
where r  is  the c o r r e la t i o n  c o e f f i c i e n t .  Only one p lo t ,  o f  se t  C, 
shows any su b s ta n t ia l  d e v ia t io n  from l i n e a r i t y .  In p a r t i c u l a r ,  t h i s  
p l o t  appears to  be quad ra t ic ,  a s ta rk  anomaly w i th  respect to  previous 
experimenta l data. Fur ther  in v e s t ig a t io n  revealed the problem to  be in 
the base l ine  adjustment; e r r o r  associa ted w i th  basel ine adjustment w i l l  
be discussed in d e t a i l  l a t e r .
Figures 8 and 9 show the c o r r e la t i o n  o f  the experimental c o e f f i ­
c ie n ts  f o r  a l l  th ree  spec t ra l  se r ie s .  The agreement i s  good f o r  at 
low pressures, but the s e n s i t i v i t y  o f  to  parameter adjustments is  
ev iden t .  F igures 10 and 11 show the best f i t  o f  the data when a l l
spec t ra l  se r ies  are p lo t te d  tog e the r .  Again, a s t r a ig h t  l i n e  re s u l t s
2
and although the r  values are dimin ished somewhat, the f i t s  are s t i l l  
q u i te  reasonable.
Several a d d i t io n a l  sets o f  data, comprised o f  t h i i r a n e  w i th  var ious 
fo re ig n  gases, were made a v a i la b le  by North Texas State U n iv e rs i t y .
These data provided an o p p o r tu n i ty  to  t e s t  the model using a number o f  
d i f f e r e n t  pe r tu rbe r  gas systems w i th  the same absorbing molecule. The 
p lo t te d  spectra,  shown in  Figures 12, 13 and 14 o f  t h i i r a n e  w i th  SF^, 
argon and CF^, proved to  be the most r e l i a b le  and thus were chosen f o r  
a n a lys is .  However, a l l  the t h i i r a n e  data sets had been run w i th ou t  a 
base l ine .  In order to  compensate f o r  the lack o f  an experimental base­
l i n e  i t  was necessary to  assume t h a t  the aborp t ion was zero at the 
boundaries o f  the spectrum. A s t r a i g h t  l i n e  was drawn from one p e r i ­
meter o f  the spectra to  the o ther  and the area under the peak i n t e ­
gra ted .  The next several f ig u re s  (15 through 26) show the p lo ts  o f  the
19
exper imenta l c o e f f i c i e n t s  versus pressure. The re s u l t s  are tabu la ted  in 
Table 2.
One high pressure experimenta l data set was looked a t  to  see where 
the l i n e a r i t y  f o r  t h a t  p a r t i c u l a r  system could be expected to  break 
down. T h i i ra n e  perturbed w i th  SF^ c o n s t i tu te d  the most data, and thus 
was used f o r  a n a lys is .  The spectra  and c o e f f i c i e n t  p lo ts  are shown in 
Figures 27, 28, 29 and 30. The ra th e r  abrupt change in the curva ture  
would seem to  in d ic a te  the breakdown o f  the model. However, the 
in te g r a t io n  is  l i k e l y  to  be inaccura te  since the band appears to  have 







Pressure S Cl C2
1.013 .9309 7.31 199
1.321 .9265 9.79 313
1.703 .8680 9.80 405
2.047 .8576 13.06 499
2.392 .8642 15.89 661
3.082 .8411 19.95 983
3.771 .8134 23.58 1199
4.460 .7916 27.27 1462
5.150 .7693 30.62 1733
5.839 .7484 34.07 2042
6.529 .7242 36.93 2260
3.082 .8509 8.15 225
7.218 .8356 9.96 603
9.287 .8506 11.92 864
11.355 .8177 13.83 992
14.113 .8182 15.39 1302
16.182 .8112 17.07 1384
18.250 .8103 18.40 1736
21.698 .8091 22.00 2122
1.013 .9772 -1.03 35.0
1.358 .9580 -0 .13 48.7
1.702 .9558 1.62 74.9
2.391 .9642 3.15 139
3.080 .9054 5.19 158
3.769 .8794 6.98 293
5.148 .8513 10.75 434
6.526 .8230 10.91 461
7.215 .8192 12.69 570
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Figure 4. P lo t  o f  the Cq c o e f f i c i e n t  versus pressure f o r
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Figure 5. Plot of the c o e f f ic ie n t  versus pressure fo r
CHgl perturbed with SF  ̂ from data set B.
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Figure 6. P lo t  o f  the Cg c o e f f i c i e n t  versus pressure f o r
















Figure 7. Plot of the c o e f f ic ie n t  versus pressure for  CH^I




















Figure 8, Comparative p l o t  o f  the c o e f f i c i e n t  versus pressure
f o r  the three d i f f e r e n t  CH^I perturbed w i th  SF^ data
sets.
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Figure 9. Comparative p l o t  o f  the Cg c o e f f i c i e n t  versus pressure
f o r  the th ree  CH^I perturbed w i th  SF^ data se ts .
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Figure 10. P lo t  showing best f i t  o f  the c o e f f i c i e n t  versus 



















Figure 11. P lo t  showing best f i t  o f  the Cg c o e f f i c i e n t  versus
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Figure 13. Spectra showing the e f f e c t s  o f  inc reas ing  argon pressure 
on the 174 nm band o f  t h i i r a n e .
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Figure 14. Example o f  inc reas ing  CF^ pressure on the 174 nm band o f  







Figure 15, P lo t  o f  the Cg c o e f f i c i e n t  versus pressure f o r  the 174
nm band o f  t h i i r a n e  perturbed w i th  SF^.
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Figure 16. P lo t  o f  the c o e f f i c i e n t  versus pressure f o r  the 174
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Figure 17. P lo t  o f  the Cg c o e f f i c i e n t  versus pressure f o r  the 174













Figure 18. P lo t  o f  the Cq c o e f f i c i e n t  versus pressure f o r  the 174
nm band o f  t h i i r a n e  perturbed w i th  argon.
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Figure 19. P lo t  o f  the c o e f f i c i e n t  versus pressure f o r  the 174
nm band o f  t h i i r a n e  perturbed w i th  argon.
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Figure 20. P lo t  o f  the c o e f f i c ie n t  versus pressure o f


















Figure 21. P lo t  o f  the Cg c o e f f i c i e n t  versus pressure f o r  the 174
nm band o f  t h i i r a n e  w i th  argon.
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Figure 22. P lo t  o f  the Cq c o e f f i c i e n t  versus pressure f o r  the 174






Figure 23. P lo t  o f  the c o e f f i c i e n t  versus pressure f o r  the 174





















Figure 24. P lo t  o f  the  c o e f f i c ie n t  versus pressure  f o r  the 174 
nm band o f  t h i i r a n e  perturbed w i th  CF^. The 0 ,0  data 





















Figure 25. P lo t  o f  the c o e f f i c i e n t  versus pressure f o r  the 174
band o f  t h i i r a n e  perturbed w i th  CF^.nm
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Figure 26. P lo t  o f  the Cg c o e f f i c ie n t  versus pressure f o r  the  174 
nm band o f  t h i i r a n e  w i th  CF^. The 0 ,0  data p o in t  has 
been de le te d .
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Figure  27. Spectra showing high pressure e f fe c ts  o f  SF^ on the  174 





Figure 28, P lo t  o f  the Cq c o e f f i c i e n t  versus pressure o f  the
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Figure 29. P lo t  o f  the C-j c o e f f i c i e n t  versus pressure o f  the
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Figure 30. P lo t  o f  the c o e f f i c i e n t  versus pressure o f  the
174 nm band o f  t h i i r a n e  a t  e leva ted SF^ pressures
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The foca l  p o in t  o f  the experiment was the determ inat ion of the 
in te rm o le cu la r  in te r a c t io n  parameters o f  molecules in exc i ted  s ta tes .  
Ground s ta te  values f o r  the in te rm o le cu la r  d is tance and p o te n t ia l -w e l l  
depth were est imated using E q . 's  8, 9 and 10. Data on force constants 
f o r  var ious  molecules in  the con tex t  o f  the Lennard-Jones 6,12 p o te n t ia l  
have been tabu la ted  in  Appendix 1A o f  "Molecu lar Theory o f  Gases and 
L iq u id s "  (7 ) .  These fo rce  constants were ca lcu la ted  p r im a r i l y  using the 
second v i r i a l  c o e f f i c i e n t .
The ana lys is  o f  t h i i r a n e  perturbed w i th  5F^, argon and CF^ posed an 
a d d i t io n a l  problem in t h a t  no ground-s ta te  data on molecular parameters 
were a v a i la b le  f o r  t h i i r a n e .  Although i t  was not poss ib le  t o t a l l y  to 
c ircumvent t h i s  problem, usefu l  in fo rm at ion  was obtained u t i l i z i n g  two 
d i f f e r e n t  est imates f o r  the ground s ta te .
The f i r s t  es t imate,  based on tab les  from "Data Book on Hydrocar­
bons" (12) (DBH) was th a t  o f  the c r i t i c a l  constants,  T^ and P^, from the 
b o i l i n g  p o in t  and molecular weight o f  t h i i r a n e  re sp e c t ive ly .  The second 
est imate was based on the v a r i a t io n  o f  c r i t i c a l  constants o f  oxygen 
compounds w i th  t h e i r  s u l f u r  coun te rpa r ts .  Hence t h i i r a n e  c r i t i c a l  con­
s tan ts  were approximated by the adjustment o f  the c r i t i c a l  constants o f  
ox i rane based on changes observed f o r  o ther analogous pa irs  such as 
dimethyl e the r  and dimethyl s u l f i d e .  The est imate o f  c r i t i c a l  constants 
from DBH y ie ld ed  T^ = 493 K and = 36 atm whereas comparison o f
c r i t i c a l  constants w i th  ox i rane gave T^ = 563 K and P̂  = 73 atm.
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Figure 31. Graph o f  molecu lar  weight versus c r i t i c a l  pressure f o r  




THE PSEUDO-CRITICAL PRESSURE OF 
LIGHT HYDROCARBON MIXTURES HAVING 
AN AVERAGE MOLECULAR WT. LESS THAN 
00 CAN BE DETERMINED FROM THIS CURVE
MOLCl^VLAfy WEIĜ
Figure 32. Graph o f  the c r i t i c a l  temperature o f  l i g h t  hydrocar­
bons verus b o i l i n g  p o in t .  From "Data Book on Hydro­
carbons",
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The de te rm ina t ion  o f  the molecular parameters from the c r i t i c a l  
constants i s  s t ra ig h t fo rw a rd .  For most gases i t  is  a good assumption 
(7) t h a t
— = 1.3 where e = D . .
18.4 T .
and
= 2/37T N o \  where again = r ^ .
Here b is  the volume (cm^/mol) and N is  Avagodro's number. Values
o -1
ca lcu la ted  f o r  the ground s ta te  o f  t h i i r a n e  were o(A) = 5,85 and D^(cm )
O 1
= 263.7 f o r  DBH and a(A) = 4.83 and D^(cm ) = 301.2 f o r  comparison 
w i th  ox i rane .  Ground s ta te  values f o r  the in te rm o lecu la r  parameters of 
the systems in v e s t ig a te d  are given in  Table 3.
Table 3
Compari son
Molecu lar  Combination o i oDBH w/Oxirane_,
r^CA) D^(cm ) r ^ fA )  D^(cm ) r^ (A )  D^(cm )
CH^/SFg 5.705 198.4 -------  -------  -------  -------
Thi i rane/SF^ 6.38 191.9 5.80 205.1
T h i i ra n e /A r 5.19 149.5 4.62 159.8
Thi i rane/CF. -----  -------  5.42 164.8 4.85 176.2
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Once the experimental c o e f f i c i e n t s  were determined, c a lc u la t io n  of 
the e x c i te d - s ta te  parameters was accomplished using the TRS-80 micro­
computer. The program, "M a t r ix  2/Bas", u t i l i z e d  three d i f f e r e n t  methods 
to  a id in the data ana lys is .
I n i t i a l l y ,  data is  put in to  m atr ix  form. This is  accomplished by 
rearrangement o f  Eq. 17 to  g ive
0 = (C,F_3 + 2D̂ F_̂  - D^F^)l/0 '̂ -  (2/ r /  F_ )̂r^ ' 6  + .12
or
l / O g * '
r
r  - ’ 2J
0 = a (V D g - )  -  brg'6 +
Considering th ree pressures a t  a t ime gives the fo l lo w in g  matr ix  
equat ion.
= b
a' b' c‘ .'G • 0
a" b"
This w i l l  be t ru e  i f  and on ly  i f
i b c
I* b' c' = 0 .
b" c"
Therefore,  the determinants should be equal to  zero i f  the values fo r  
the ground s ta te  are c o r re c t .  The values o f  the determinants can then 
be used as a measurement o f  the accuracy o f  the data even though they
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y ie ld  no s p e c i f i c  vaues f o r  r ^ '  and D^ ' .  Determinants were ca lcu la ted 
f o r  a l l  permutat ions o f  pressures w i th in  a data set .  I t  was found tha t  
w h i le  the determinants equal zero t h e o r e t i c a l l y ,  they can become qu i te  
la rge when even modest e r ro rs  are in troduced. For a complete d iscussion 
o f  the determinants and v a r i a t i o n  associated w i th  e r ro rs  in the ground 
s ta te  and c o e f f i c i e n t s ,  see Appendix E.
The second p a r t  o f  the program ca lcu la tes  values f o r  r ^ ' and D^' by
using Eq. 17 a t  two d i f f e r e n t  pe r tu rbe r  gas pressures. This was done 
f o r  a l l  poss ib le  p a i rs  o f  pressures. L a s t ly ,  the program determines r ^ ’ 
and D^' from E q . 's  17 and 18 a t  each pressure. T h e o re t ic a l l y  these 
methods y ie ld  the same numerical values f o r  r ^ '  and D^ ' .  In a c tu a l i t y  
the f i r s t  method proved to  be exceedingly s e n s i t iv e  to  e r ro rs  associated 
w i th  the c o e f f i c i e n t s  and the numbers were discarded.
Presuming the p o te n t ia l  energy curve o f  an exc i ted s ta te  is  inde­
pendent o f  the s p e c i f i c  pressure o f  the pe r tu rbe r  gas, each pressure 
should g ive the same values o f  r ^ '  and D^ '.  R e a l i s t i c a l l y ,  t h is  does 
not q u i te  hold t rue  f o r  experimental systems. Table 4 l i s t s  the i n t e r ­
a c t ion  parameters o f  CH^I perturbed w i th  SF^. Values obtained at each 
pressure were averaged to  g ive the f i n a l  r ^ '  and D^' f o r  each data set.  
In tu rn ,  these values were also averaged to  show a f i n a l  decrease in the
o o
in te rm o le cu la r  d is tance from 5,705 A to  5.58 A and a subs tan t ia l  i n ­
crease in the p o te n t ia l  we l l  depth from 198.4 cm  ̂to  253 cm , This
represents a change o f  on ly  2.2% in the in te rm o lecu la r  d is tance whi le  
g iv in g  a 27.5% change in  the p o te n t ia l  we l l  depth.
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Table 4
CHgl w i th  SFg
a Set Pressure (Bar) r g ' ( A ) Dg' (cm T) Ar^ ' ( A) AD^ ' (cm
A 1.065 5 . 59 240.8 -.115 42.4
A 2.136 -------- ---------- -M.— — —
A 3.328 5.60 247.6 -.105 49.2
A 4.611 5.64 260.6 - .065 62.2
A 6.018 5.61 259.9 -.095 61.5
A 7.525 5,61 259.2 - .095 60.8
Average 5.61 253.6 -.095 55.2
(± .02) (±8.9)
B 1.184 5.52 264.9 -.185 66.5
B 1.581 5.58 244.4 - .125 46.0
B 2.271 5.55 253.7 -.155 55.3
B 2.78 5.52 252.8 -.185 54.4
B 3.35 5.54 250.8 - .165 52.4
B 3.98 5.53 250.2 -.175 51.8
B 4.49 5.52 257.7 -.185 59.3
B 5.20 5.52 256.8 - .185 58.4
Average 5.54 253.9 -.170 55.5
(± .02) (±6 .1)
C 1.133 5.63 244.0 -.075 45.6
C 1.985 5.60 243.9 - .105 45.5
C 2.94 5.58 250.8 -.125 52.4
C 4.12 5.54 259.1 -.165 60.7
C 5.065 5.54 260.1 -.165 61.7
Average 5.58 251.6 -.127 53.2
(± .04) (±7.8)
iraqe o f  the th ree  sets 5.58 253.0 -.131 54.6
(± .02) (±4 .4)
-1
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Table 5 g ives the values o f  r ^ '  and D^' f o r  t h i i r a n e  w i th  the 
var ious  p e r tu rb e rs .  As could be expected, based on the s ize o f  the 
in d iv id u a l  molecules themselves, r ^ '  values were la rge s t  fo r  t h i i r a n e  
w i th  SF^ fo l low ed  by CF^ and l a s t l y  argon. However, the change of the 
in te rm o le c u la r  d is tance  between the ground s ta te  and the exc i ted s ta te ,  
A r^ ' ,  was s u b s t a n t i a l l y  g re a te r  f o r  argon than f o r  e i th e r  SF^ or CF^. 
This too is  l i k e l y  a t t r i b u t a b le  to  argon's small s ize and a b i l i t y  to  
approach the t h i i r a n e  molecule c lo s e ly  w i thou t  s i g n i f i c a n t  e lec tron  
cloud ove r lap .  I n t e r e s t i n g ly ,  the A r^ '  values f o r  SF^ and CF^ were 
almost equal.  R e la t ive  changes o f  the in te rm o lecu la r  d is tance f o r  SF^, 
argon and CF^, when ground-s ta te  est imates were based on DBH, were 4.1%, 
8.1% and 4.2%, re s p e c t iv e ly .  Analogously, percent changes when ground 
s ta tes  were est imated by comparison w i th  ox irane fo r  the same molecules 
were 3,5%, 8.7% and 4.5%, re s p e c t iv e ly .
Ground s ta te  values vary w i th  the p o l a r i z a b i l i t y  (ot) o f  the 
pe r tu rb in g  gas molecule. However, in  the exc i ted  s ta te  the dependence 
on the e le c t ro n  a f f i n i t y  (EA) o f  the pe r tu rbe r  becomes apparent. From 
Tables 5 and 6 i t  can be seen th a t  SF^ has both the greates t  p o la r iz a ­
b i l i t y  and EA and l i k e w is e  d isp lays  the la rg e s t  D^, D^' andAD^' values. 
Although the p o l a r i z a b i l i t y  and ground-s ta te  p o te n t ia l -w e l l  depth are 
g rea te r  f o r  CF^, D^' and AD^' are both la rg e r  f o r  argon which has a 
la rg e r  EA.
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Table 5
Thiirane Pressure DB on H Comparison with Oxirane
w/
en
(Bar) r , ' (A ) D^'(cm T) Ar^ '(A) ADe'(cm T) r e ’ (Â) Dg'(cm ^) Ar^ ‘ (A) AD^'(cm
1.013 ___________ — —
1.321 6.31 299.0 -.07 107.1 ------- -------
1.703 6.14 297.5 -.24 105.6 5.63 327.1 -.17 122.0
2.047 6.19 301.5 -.19 109.6 5.71 329.4 -.09 124.3
2.392 6.17 309.7 -.21 117.8 5.69 338.5 -,11 133.4
3.082 6.10 320.0 -.28 128.1 5.61 350.9 -.19 145.8
3.771 6.09 321.1 -.29 129.2 5.60 352.1 -.20 147.0
4.460 6.07 324.6 —. 31 132.7 5.58 356.1 -.22 151.0
5.150 6.05 328.0 - .  33 136.1 5.55 359.9 -.25 154.8
5.839 6.02 332.6 36 140.7 5.53 365.0 -.27 159.9
6.529 6.01 333.0 -.37 141.1 5.52 365.6 -.28 160.5
Avg 6.12 316.7 -.26 124.8 5.60 349.4 -.20 144.3
(±.09) (±13.8) (±.07) (±14.5)
Table 5 (continued)
Thiirane Pressure DB on H Comparison with Oxirane




3.082 [5.06] 236.7 [ - .13 ] 87.2 ------- ------- -----
7.218 4.84 229.6 - .  35 80.1 4.30 262.4 -.32 102.6
9.287 4.79 235.9 -.40 86.4 4.24 271.7 -.38 111.9
11.355 4.80 232.3 -.39 82.8 4.25 267.4 -.37 107.6
14.113 4.75 235.7 -.44 86.2 4.20 274.1 -.42 114.3
16.182 4.77 230.8 -.42 81.3 4.22 267.8 -.40 108.0
18.250 4.71 238.8 - .  48 89.3 4.16 280.7 -.46 120,9
21.698 4.70 241.9 -.49 92.4 4.15 286.2 -.47 126.4
Avg 4.77 235.2 -.42 85.7 4.22 272.9 -.40 113.1






DB on H Comparison with Oxirane
(Bar) re '(A) D^'(cm ^) '(cm T) re '(A) D^'(cm b Ar^’ (A) AOg'(cm
1.013 5.20 [155.4] -.22 [-9 .4 ] 4.62 [162.7] -.23 [-13.5]
1.358 5.19 180.7 -.23 15.8 4.60 197.9 -.25 21.7
1,702 5.20 206.3 -.22 41.4 4.64 229.7 -.21 53.5
2.391 5.18 219.0 -.24 54.2 4.63 245.2 -.22 69.0
3.080 5.24 222.4 -.18 57.6 [4.70] 248.1 [ - .15 ] 71.9
3.769 5.17 236.1 -.25 71.2 4.63 265.0 -.22 88.8
5.148 5.18 243.1 -.24 78.2 4.65 272.4 -.20 96.2
6.526 5.17 232.9 -.25 68.0 4.63 261.0 -.22 84.8
7.215 5.16 238.4 -.26 73.6 4.62 267.4 -.23 91.2
Avg 5.19 222.4 -.23 57.5 4.63 248.3 -.22 72.1
(±.02) (±20.7) (±.01) (±24.7)
Note: Points inside parentheses [ ]  were calculated to be inval id  using a standard Q tes t  at
a 90% confidence level or because of physical imposs ib i l i ty  when compared with appropriate 
absorption spectrum.
Table 6




The r e l a t i v e  changes in  the p o te n t ia l - w e l l  depths were s u b s ta n t ia l ­
l y  g rea te r  than those p re v io u s ly  seen w i th  CH^I. For SF^, Ar and CF^ 
the changes were 65%, 57.3% and 34.9%, re sp e c t ive ly ,  when the ground 
s ta te  est imates were based on DBH. For comparison w i th  oxirane the 
changes were 70%, 70.8% and 40.9%, re p e c t iv e ly ,  f o r  the same molecules. 
The la rg e r  r e l a t i v e  change in  the we l l  depth exh ib i ted  between the 
ground and exc i ted  s ta tes  o f  t h i i r a n e  imp l ies  a g rea te r  s u s c e p t i b i l i t y  
to  p e r tu rb a t io n  than was seen w i th
T heore t ica l  p lo t s  were ca lcu la ted  using the average values o f  r ^ '  
and D^' obtained f o r  the corresponding experimental data set .  Thus, r^ ,
r  D and D ' values were used to  c a lc u la te  a new set o f  th e o re t ic a l  e e e
c o e f f i c i e n t s  using E q . 's  17 and 18. These ca lcu la ted  c o e f f i c ie n t s  were 
then p lo t te d  versus pressure. Comparison o f  the t h e o r e t i c a l l y  calcu­
la ted  c o e f f i c i e n t s  w i th  those determined exper imenta l ly ,  f ig u re s  33 
through 40, in  general showed good agreement. In a d d i t ion ,  these com­
p a ra t iv e  p lo ts  help i d e n t i f y  in v a l id  experimental data po in ts .
Various p o te n t ia l  sources o f  e r ro r  e x i s t  in the experiment, even 
w i th  the m o d i f ic a t io n s  d e ta i le d  in the experimental sec t ion .  The le a s t -  
p re d ic ta b le  source o f  e r r o r  arose from the bulg ing o f  the windows as
60
Figure 33. P lo t  o f  both the exper imenta l and th e o r e t i c a l




















Figure 34. P lo t  showing the c o r r e la t i o n  between the experimental
and th e o r e t i c a l  c o e f f i c i e n t s  (versus pressure)  f o r











Figure 35. P lo t  showing the c o r r e la t i o n  between the exper imenta l 
and th e o r e t i c a l  c o e f f i c i e n t s  f o r  t h i i r a n e  perturbed 




en en en en




Figure 36. P lo t  showing the c o r r e la t i o n  between the exper imenta l 
and th e o r e t i c a l  Cg c o e f f i c i e n t s  f o r  t h i i r a n e  perturbed 
w i th  SFg. Diamonds g ive  the t h e o r e t i c a l  curve f o r  
g round-s ta te  est imates based on DBH. T r ia n g le s  g ive  
the analogous curve f o r  a g round-s ta te  es t imate  based 
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Figure 37, P lo t  o f  the exper imenta l and t h e o r e t i c a l
c o e f f i c i e n t s  f o r  t h i i r a n e  perturbed w i th  argon. 
Diamonds represent  a ground s ta te  es t imate  based on 
DBH, Ground s ta te  es t imate  based on comparison w i th  




Figure 38. P lo t  o f  the exper imenta l and t h e o r e t i c a l  Cg c o e f f i ­
c ie n ts  f o r  t h i i r a n e  perturbed w i th  argon. Ground 
s ta te  est imate based on DBH represented by diamonds, 






Figure 39. P lo t  o f  the exper imenta l and th e o r e t i c a l  c o e f f i ­
c ie n ts  f o r  t h i i r a n e  per turbed w i th  CF^. Diamonds g ive 
the t h e o r e t i c a l  curve f o r  a ground s ta te  est imate 
based on DBH, Squares g ive  the same curve f o r  a 










Figure 40. P lo t  o f  the exper imenta l and t h e o r e t i c a l  Cg c o e f f i ­
c ie n ts  f o r  t h i i r a n e  perturbed w i th  CF^. Diamonds g ive 
the t h e o r e t i c a l  curve f o r  a ground s ta te  es t imate 
based on DBH. Squares g ive  the analogous curve f o r  a 








p e r tu rb e r  gas pressure was increased, causing displacement along the 
absorbance ax is .  While the stepper motor ensured th a t  the spectrum was 
run over p re c is e ly  the same reg ion ,  there was no way to r e s t r i c t  d i s ­
placement along the absorbance ax is .  Hence the basel ine was sh i f te d  up 
or down the ax is  to  b r ing  i t  i n to  the c lo ses t  poss ib le  alignment to each 
absorpt ion spectrum.
This process invo lved tak ing  the average d i f fe re n ce  between the 
basel ine and absorp t ion spectrum o f  the f i r s t  twenty data po ints  to 
ca lc u la te  the requ ired  o f f s e t .  The dec is ion  to  use twenty data po ints 
was r e l a t i v e l y  a r b i t r a r y ,  one o f  the main ob je c t ives  being consistency. 
However, enough po in ts  needed to  be used to  enable an accurate average 
to  be determined w i th o u t  using so many po in ts  th a t  at  high pressure the 
absorpt ion peak might broaden in to  the reg ion.  Table 7 shows the d i f ­
ference in the o f f s e t  est imate a f t e r  10, 20 and 30 data po in ts  and the 
r e s u l t in g  v a r i a t i o n  in  the c o e f f i c i e n t s .  Even small changes in the 
o f f s e t  ( i.e^<.0005 au) showed a marked e f f e c t  on c o e f f i c i e n t  values. The 
Cg c o e f f i c i e n t  was p a r t i c u l a r l y  s e n s i t iv e ,  although the v a r ia t io n  in 
values caused by using 20 versus 30 data po in ts  was usua l ly  less than 
10%.
An a d d i t io n a l  source o f  e r r o r  resu l ted  from the s t a t i c  noise 
associated w i th  both the absorp t ion spectrum and basel ine. The 
fo l lo w in g  equations can be def ined
= 1^(1 ± S :N"^)  f o r  t ra n s m i t te d  l i g h t  
= I ? ( l  ± S :N '^ )  f o r  in c id e n t  l i g h t
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I t  i s  a lso  known th a t
1 ± S:N“ ^Absorbance = log r  = log y r  + lo g (— =— =— r)
H  1 ± S:N"'
From the propagat ion o f  e r ro rs  (14) we get the fo l lo w in g  resu l t :
-A  = 4 .  + ( I f : ) '  4 .
or
3log 1, / I f  p aiog 1, / I f  o
" I  •  I a t ;  4 ,  *  I — 1,- ' ■ 4 ,
A f te r  ta k in g  the p a r t i a l  d e r iv a t i v e s  the equation becomes
_ 2 _ /  “ 1 \ 2 _ _ 2  J. / ___ 1 \ 2 ^2
° (2.3031^ ° I^  (2 .3 0 3 1 ,)  ° I ,  .
Since
= I tC S :N } - ’
and
c i ,  = I i ( S : N ) 4  .
then
4  ■ ( 4 ^ ) '  *
The S:N r a t i o  was set at  
(S:N)^ = (S ;N ), = 500:1 ,
g iv in g
a ,  = \ / 2 (S :N )" V 2.303 = \ / r ( 500:1 ) ‘ V 2 . 303 = 1.228 x 10'^  a.u
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f o r  each p o in t  in  the spectrum. Since a basel ine was subtracted from 
each spectrum to  g ive  the actua l  absorbance the standard dev ia t ion  would 
be
o = 2(S ; N ) " V 2.303 = 2 ( 500:1 ) ' V 2 .303 = 1.737 x 10"^ a.u .
f o r  any given data p o in t .  However each spectrum consisted o f  over 400 
data po in ts  and since t h i s  e r r o r  is  random, the e f fe c ts  would tend to 
cancel out in the in te g r a t io n .
In an attempt to  q u a n t i f y  the numerical e r ro r  in the c o e f f i c ie n ts  
associated w i th  these fa c to rs  a se r ies  o f  neat CH^I spectra was run.
This set o f  spectra ,  termed A^, and Ag, consisted o f  three consecu­
t i v e  spectra taken on the same CH^I sample under v i r t u a l l y  id e n t ica l
la bo ra to ry  co n d i t io n s .  I f  D = D ' and r  = r  ' ,  as would be the casee e e e
when no p e r tu rb a t io n  was app l ied ,  the expected c o e f f i c ie n t  values would
be Cq = 1, C-j = 0  and C2 = 0. By comparing the var ious A° spectra to
one another i t  was found th a t  a v a r ia t io n  o f  ± ,02 cm  ̂ f o r  C.| and of ±10 
_2
cm f o r  C2 could be expected due to  basel ine adjustment and noise.
Other poss ib le  sources o f  e r ro r  associated w i th  the instrumentat ion are 
thought to  be n e g l ig ib le  in  comparison w i th  those sources mentioned.
71
Table 7
Offset (au) a f te r Coeff ic ient  value a f te r
ro
Pressure (Bar) 10 points 20 points 30 points 10 points 20 points 30 points average







































































The model developed here has proven to be q u i te  capable o f  g iv ing  
con s is te n t  values f o r  exc i ted  s ta te  parameters o f  the f i r s t  s Rydberg 
s ta te  o f  CH^I. Use o f  the Lennard Jones 6,12 p o te n t ia l  was shown to 
give reasonable and p h y s ic a l l y  re leva n t  values f o r  the in te rmolecu lar  
d is tance and p o te n t ia l  we l l  depth wh i le  a l low ing r e l a t i v e  s im p l i c i t y  to 
be maintained. C o e f f i c ie n ts  and spectra ca lcu la ted  on the basis of 
these parameters were in good agreement w i th  those determined exper i ­
m en ta l ly .  This holds t ru e  u n t i l  pe r tu rbe r  gas pressure is  increased to 
the p o in t  where the model seems to  break down, probably a re s u l t  o f  the 
broadening o f  o the r  absorp t ion peaks in to  the region and/or higher order 
in te ra c t io n s .
Data p e r ta in in g  to  the 174 nm Rydberg s ta te  o f  t h i i r a n e  helped to 
i l l u s t r a t e  the wide a p p l i c a b i l i t y  o f  the model to  var ious molecular 
ab so rber-pe r tu rbe r  systems. Comparison o f  the parameters ca lcu la ted 
using the var ious pe r tu rbe rs  allowed f o r  quan t iza t ion  of the strength of 
in te r a c t io n  o f  the d i f f e r e n t  molecular systems.
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Appendix A
D e r iva t io n  o f  equation 1 begins by expressing the perturbed 
absorbance, A^(v) , as a fu n c t io n  o f  the unperturbed absorbance. A ° (v ) ,  
a t  a p a r t i c u l a r  frequency, v . The pe r tu rba t ion  causes the in te n s i t y  of  
the band to  s h i f t  by an amount D(q ) . Therefore A (v) receives 
c o n t r ib u t io n s  f ro m A ° (v  -  D(q ) )  terms which are weighted by the number 
o f  molecules a t  Q . Since D(q ) is  a continuous va r iab le  the equation can 
be expressed as an in te g r a l ,  leading to
/  0(Q) A*(v -  0(Q))dVq
A^(v) = 2.
/  n(Q) dVg 
Q
where fi(Q) is  the d i s t r i b u t i o n  fu n c t io n .  The 0(Q) in the numerator 
gives the p r o b a b i l i t y  o f  molecules absorbing at Q wh i le  the in teg ra l  
denominator represents the e n t i r e  d i s t r i b u t i o n .
The above equation is  an approximation as the inherent v dependence 
o f  absorbance has been neglected. Taking t h i s  in to  considerat ion 
produces the fo l lo w in g  equat ion.
V /  n(Q) -  0 (9)1 dV
A**(v) = -^ 2 ------------------------------  1
/  0(Q) dVq 
Q
The next step i s  the expansion o f  A*(v  -  DCQ)_)_ to change the
V -  D(Q)
i m p l i c i t  dependence o f  A° on 0 ( q ) to  e x p l i c i t  dependence. Expanding 
a b o u t  V  w i t h  v -D (q ) being the v a r ia b le  gives
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A°(v  - ..D<Q)). = A l l v l  + dA“ ( v ) / v  ^
V -  D(Q) V dv
(v -  0(0) -  d V ( v ) / v  . 
2 dv^
or
A°_Lv,.- D<Q?) .  I  ( 1)1 D^(Q) d^A°(v)/v .
V -  D(Q) 1-0 l !  dv^
P —
From t h i s  A (v)  can now be given as 
A ' ( v ,
^ dv
where
. I  n(Q) d^(q)  dVg
c . L i u i  2------------------------- :
1 /  n(Q) dV.
q
which is  the des ired r e s u l t .
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Appendix B
Upon inspec t ion  o f  the r(Q) term o f  the general expression fo r  the 
c o e f f i c ie n t s
/ q o(Q) D'(Q> r(Q) %
’  ' ‘ / q  0 ( g )  d V q
i t  should be re a l i z e d  t h a t  r(Q) can be expressed as 
|<Tex I M I 'Kg>|:
rCQ) =
|<Yex°| A"I Yg°>|:
According to  p e r tu rb a t io n  theory  the operator would normally be 
expressed as M = M® + XM'. Since we are deal ing w i th  a t r a n s i t io n  
moment or d ip o le  opera tor  which is  p r im a r i l y  unperturbed by the applied 
pressure p e r tu rb a t io n  (19),  the À term o f  the operator is  assumed to be 
n e g l ig ib le .  Any p e r tu rb a t io n  e f fe c ts  are now expressed only  in the form
o f  the wavefunct ion.  The expression f o r  r  (Q) can now be w r i t te n  as
|<Yex° +.?, Yex^j) | M | Yg° +.E Yg^j^>|^
r (Q)  ---------------^ ^ ---------------------  •|<Yex° I M I Yg°>|=
The numerator may be rearranged to  give 
|<Yex° I M I Yg*> + <  X^ Yex^j) | M | Yg“>  +
<Yex° I M I x i  Yg(j)> + <jg^ X^ Yex^^^ | M X^
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Squaring and dropping any term which contains higher than f i r s t  order 
co r re c t io n s  gives
I <Ofex° I M I Yg°>z + <Yex° | M | Yg°>[< Z^ | M | Yg°>
+ <4'ex° I M I Yg(j)>]| .
D iv is io n  by the denominator and again l i m i t i n g  to  f i r s t  order 
c o r re c t io n s  y ie ld s
|<Yex*' I M I Tg®>[<'Fex' | M | Yg*> + <Tex® | M | Yg'>]|
r(Q) = 1 + X |<4̂ ex° I M I Yg°>|2
Even the f i r s t  order c o r re c t io n  would be exceedingly complicated to 
eva luate .  Furthermore, from experimental data we know tha t  the f i r s t  
order c o r re c t io n  is  n e g l i g ib l y  smal l .  At high pressures t h i s  cor rec t ion  
f a c to r  would become in c re a s in g ly  important and would probably require 
some attempt a t  e va lu a t io n .
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Appendix C
From equation 14 in  the t e x t ,  the c o e f f i c ie n t s  appearing in equa­
t io n s  16, 17 and 18 may be der ived  as fo l lo w s :
For Crv
, , Do* /o  D»(r)exp[-U (r)/feT ]r^dr
Co '  ( - l ) ' ô !  =  =-------  -  1
-  o .  
/ q exp[-U (r)/feT]r^dr
For C1
°d ' ~fo D ' ( r )e x p [ -U ( r ) /b T ] r2dr
Cl = ( -1) 'T%------------------    5-------
' •  /o  exp [-U (r) /feT ]r2dr
Using equation 6 gives
- / q  0 ' ( r ) e x p [ - 2D g ( - r g * / r *  + r^^^/2r^^)/kT2r^dr 
/ o  e x p [ - 2 D g ( - r g * / r *  + rg ^ V 2 r^ ^ ) / f e T ] r ^ d r
The r e la t io n s h ip ,  b -  D^/fel, helps to  s im p l i f y  the form. This re s u l t ,  
along w i th  the use o f  equat ion 12, y ie ld s
- r  ' ^ r  - r  ^ r
_r  6 p 12 _ r  6 ^ 12
exp[-2b(— | -  + - S - y ) ] r 2 d r / /2  exp[-2b(— | -  + - ^ ) ] r ^ d r  . 
r® 2r^^ °  r°  2 r ^
Now l e t
X »  I|! o r .
r® X
Then,
r ^ d r  = “ ç  dx
and can be expressed as
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^ - “e(-x • i x=„ ,
e e * e
exp[-2b(-x  + I .  x 2 ) ]x -3 /2  d x /
(" i ''«̂ (r̂ R)6 e*P[-2b(-x + 1. x2)]x~3/2 .
M u l t ip l y in g  through by the var ious fa c to rs  o f  two gives
■ t>e{-2x + x^ )] x
® s e
exp[-b (-2x  + x 2 )]x "3 /2  d x /
1 6 exp [-b (-2x  + x 2 ) ]x -3 /2  dx .
(rg/R)̂
S p l i t t i n g  the in te g ra l  in to  i t s  components leads to
- r  '  ̂ oo r  ' ^
D . ‘ (— V )  /  , ( 2 x  + ( -S - t ) x 2) exp[-b (-2x  + dx
C (r./R)‘_______ r/________________________
 ̂ 7 f t  exp [-b (-2x  + x^)]x~^^^ dx
(r̂ /R)
0 .  /  , ( -2 x  + x^) exp [-b (-2x  + x^ )]x"3 /2  dx
7  exp[-b(2x + x 2 )]x"^ /^  dx 
<r̂ /R)®
In e va lu a t in g  the exponent a s u b s t i t u t io n  is  made:
(x -  1)2 .  x^ -  2x + 1 o r - 2x + x^ -  (x -  1)^ -  1
and
• 6,  „  .12.2
79
-b (-2 x  + x^) = b -  b(x -  1)^
or
exp[-b (-2x  + x^)] =exp [b ]exp [-b (x  -  1)^] 
The in te g r a ls  now become
" i f ,  Î
' l -
exp[b]Dg'( g -)  /  g ( 2x + (-S— )x2)exp[-b(x -  dx
 ""e ( ^ / R )  T g ”
exp[b] 7  exp[-b(x -  dx
( ig/R)
exp[b]D 7  (-2x  + x^)exp[-b(x -  l)^]x"^^^ dx
( y a ) ^ ____________________________________________
exp[b] 7  fi exp[-b(x -  l)^]x"^^^ dx
( r / & r
Gathering l i k e  powers o f  x leaves
C L ' r . ' *  »  , 1 / ,
[ - 2 ( - ^ - | — ) + 2DL] /  ,  exp[-b(x -  l ) 2 ] x - l / :  dx
,  < V " ________________________________________________
 ̂ J . exp[-b{x -  dx
( r / R ) *
r ,12
CDg’ -S-— -  Dg] 7 6 exP [-b (x  -  dx
V  ( V » )
+-----------------------------    5------- TTÔ- •
/  , exp[-b (x  -  l ) 2] x - 3/2 dx
( r ^ / ^ r
Use o f  equat ion 19 g ives the f i n a l  expression
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r  r  '12
-{2[Dg -  Dg' ]F _ i (b ,  r^/R) + [D^ -  D^' - ^ ] F ^ ( b ,  r^/R)}
C = -------------------------------------------------------------------------------- -- --------------------------
1 F_3(b, rg/R)
S im i la r l y ,  f o r
 ̂ 21 /n  D^(r )  exp [ -U ( r ) / feT ] r^  dr
Q _ -------- :----------Lf------------------------------------------------  .
2 / q exp[-U(r) /feT]r2 dr
r .
Again, using equation 12 and s u b s t i t u t in g  x = — g- and
r
r ^ d r  = -  ^  x '^ ^ ^ d x  as before gives
exp[-2b(-x + l x 2 ) ]x - 3 /2  
/  exp[-2b(-x  + =x^^]x"2/^ dx .
( V R )
Squaring the f i r s t  term y ie ld s
r  '12 -  .6 ,12
= < y , „ e  i y .  ^
-  » » . '  »e ^  -  <1 ♦ *  ( ÿ » ‘ )
+ 40g2(x2 -  x2 + | - ) ] e x p [ -2 b ( -x  + ^ *2 ) ]x -2 /2  dx/
/  exp[-2b(-x + i x 2 ) ] x “ '̂ 2̂ dx .
(r^/R )
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Gathering l i k e  powers o f  x gives
S  ■ ^  ”e ^
,18 r '  ̂ p '12
-  (4De' - 4 0 , '  0^ -  4 0 , '  D, ^  + 4 D / ) x ^
r ,  e e
r  '24 r  ,12
+ (De‘ - S a -  2De' °e “ S t  + D,2)x4]exp[-2b(-x + I x ? ) } * - ] / ?  d x} /
J exp[-2b(-x  + ix ^ ) ]x  dx • 
(r^/R)6
Again using
exp[-2b(-x + ^x^)]  = exp[-b]exp[-b(x - 1)^]
and f a c to r i n g  gives
C, -  {2[D -  O ' I . exp[-b(x -  dx
''e ( r / R )
r '  ̂ r  ' oo
-  2[D -  O ' - ^ ] [ D  - O '  ̂ ] /  exp[-b(x -  1)^Jx3/2 dx
r  '4^
+ ^ 0  -  O ' 1 /  , exp[-b(x -  dx} /
7 ,  exp[-b(x -  1 )2 ]x -3 /2  dx .
( r , /R ) "
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F in a l l y ,  s u b s t i t u t i o n  o f  equation 19 gives the desired expression
r ‘ ̂  r ' ̂  r ' ̂  ̂
Cg = {2[D^ -  0 /  - ^ ] 4 i ( b . r g / R )  -  2[Dg -  D^' ^ ] [ D ,  - 0 ^ ' x
r '1^ 2 
' ^ e '  TẐ  F ^ ( b , r g / R ) •
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Appendix D
THI±> PPuG R AM  E V A L U A T E S  C O E F F IC IE N T S  A 1  AND A 2  F n p  p p E  ip E - E p c  
^ m S E D _O N  t h e  v a n  DER W AALS MODEL, I T  R E Q U IR E S  IN P U T  OF D E . " D E ' P
10 ':LS pc-IN T '
E-: ' STUC'I ES E:i
e ANC' RE AS WELL AS PRESSURE.
LÔ C 'EFINT I - N  C'EFDBL A -H , Q -Z
1 0  C'lM P ' 5 0  V. F I ■: 5.. 5 0  .. C1 ■ 5 0  '•, C2 5 0  . A 5 , 1 0 0  .. X ( 5.. 1 0 0  ).. AR< 1 0 0  ■ F 10  . G ■ lO  . ■ y . ,
■ PL' 5 0  . A X '.50., 3 . B P < 5 0 ^ ,  BM <50 A P ':50  X A M (5 0 )
4 0  NW^E:
4 5  CC.'T= " F IR S T "
5 0  P R I N T " "  P R IN T "  THE FOLLOWING D A T A - IN P U T  REQUESTS ARE FOR A PARTICULAR DE
AND A P A R TIC ULAR  RE 'A T  A G IV E N  TEMPERATURE>.
EO P R IN T "  AFTER ENTERING THESE DATA YOU W ILL  BE ASKED FOR D E ' AND PE . TH
E C O E F F IC IE N T S  W IL L  BE EVALUATED, YOU W IL L  THEN BE GIVENTHE OPPORTUNITY TH IN P il
T NEW DE AND/OR R E ' FOR THE SAME GROUND-STATE V A L U E S ."
7 0  IN P U T "  WHEN READY TO B EG IN  PRESS ' E N T E R ' " ; A$
SO CLS
SO IN P U T  "TEMPERATURE ' K )  =".; T ; IN P U T "D E  = " ;  D ; IN P U T"R E  (ANGSTROMS) = " ; R  
1 0 0  INPUT"W HAT ARE THE U N IT S  OF D E " iD $
1 1 0  CLS P R IN T " T H E  FOLLOWING IN P U T  REQUESTS CONCERN THE N C -3  INTEG RATIO N OF THE F 
S" . IN P U T "  DEFAULT VALUE OF ^H^ QD : IN P U T "  MAXIMUM ERROR PER SEGMENT ( % ) " ,E M  I 
NPUT" CONVERGENCE L I M I T  AS % SEGMENT IS  OF MAXIMUM SEGMENT";CL  
1 2 0  C L = C L /1 O 0  
1 3 0  CLS
1 4 0  IN P U T -F O R  HOW MANY PRESSURES DO YOU WISH TO EVALUATE C O E F F IC IE N T S "  NQ P R IN T "  
PRESSURE MUST BE IN  U N IT S  OF METRIC  B A R ."
1 5 0  FOR I = 1 T 0 N Q : IN PUT"PRESSU RE = " ; P ( I ) : R L ( I )  = ( 9  8 8 7 3 D 3 / P ( I ) ) C ( l / 3 )  N EXTI  
IS O  F 0 R I = 1 T 0 N Q . T Q = R / R L ( I > : TT=1. DO ; F0R J = 1 T 0 6 ; T T = T T * T Q : N E X T J :X Y ( I - 1 ) = T T :N EX TI
1 7 0  I F  NW=S3 THEN CMD"Z'U "ON"
1 7 1  W=0
1 . 2  IF Q Q »= "S E C O N D "T H E N 1S 0
1 7 3  IN P U T " IN P U T  SMALLEST VALUE OF RE YOU EXPECT TO U 5 E " ;R S  XU=1. D 0 : T Q = R S /R L ( 1 '  F
0 R J = 1 T 0 S : X U = X U * T Q  NEXTJ IN P U T " IN P U T  LARGEST VALUE OF RE YOU EXPECT TO USE'WRS TQ
=R S XR L<N Q ) : XV=1. DO : F 0 R J = 1 T 0 6 ; X V = X V * T Q ; NEXTJ
1.30 FORLQ =0TO 4
1 3 0  GOSUB 5 6 8
2 0 0  NEXT
2 1 0  P R IN T " T H E  FOLLOWING F^ VALUES WERE EVALUATED F O R P R I N T "  " P R IN T "  T =
"T "  K "  P R IN T "  DE = "D" "D$ P R IN T "  RE = "R" ANGSTROMS" P R IN T " "  P R IN T " "  CM
D " Z " , "O FF"
2 2 0  I L = 1  IU = 2
2 3 0  I F I U I N Q  THEN IU=NQ
2'iO  CLS
2 5 0  I F  NW=63 THEN C M D " Z " ," O N "
2S 0  FORI^ILTOIU : P R IN T"P R E S SU R E < " I  " ) = " P ( D "  BAR, R = ' R L ( I )  P R IN T "  THE LuWEP 
L I M I T  = " X Y ( I - l )
2 7 0  FO R I I  = 0 T 0 4  P R IN T "  F (  " 2 * 1 1 - 3 "  ) = " F K I I ,  I )
2 3 0  NEXT  
C30 NEXT
3 0 0  C M D " Z " ," O F F "
3 1 0  I U = I U + 2  I L = I L + 2 ; I F  ILDNQ THEN 3 2 5  
z-Ci I  NPUT "WHEN YOU WISH TO CONTINUE PRESS ENTERS" uOTO^^O
3 2 5  I  NPUT "DO YOU WANT TO IN P U T  C O E F F IC I  ENTS< ENTER 1 OR CALCULATE l OEFF I c  l E N T -■
■; ENTER 2  ;>‘5 B S : I F  B S = " 2 "  THEN 3 3 0
3 2 6  GOSUB 1 7 3 0
33 0 IN P U T "T H E  C O E F F IC IE N T S  W IL L  NOW BE EVALUATED. WHEN YOU WISH TO i .u N T IN
UE PRESS ENTER ".‘ ZS
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^^«'^^STED. «e«ehber to use . . T
: 5 0  IN P U T "D E ^  = 'U  DP ; IN P U T " P E ' '  =" . ;R P  
: 6 0  RT = *'RP/R>C 6  : C T = D -D P *R T  . D T = D - D P * R T * A T  
- 7 0  FOR I= 1 T 0 N Q
; s 0  C l ' :  I < = -v 2 .  D 0 * c T * F i r > - D T * F i < 2 .  i >:ï / f i <0, i ;.
N§' • r "   ̂ + 'CT*F I  2.. I  :■ - 4  D 0 * C T * D T  + F I  ■ : 2 • n  +DT*<DT*F 1 ( 4  , I ) >/■ 2 . [.g^F 1 ( 0 .  T ,
4 1 0  I F  NW=63 THEN C M D " Z " . "ON"
4 2 0  P R IN T  P R IN T  P R IN T  P R I N T "THE C O E F F IC IE N T S  ARE P R IN TE D  FOR THE FOLLOWING PflRRtI
ETERo : " :  P R IN T  : P R IN T "  T =  " T "  K" : P R IN T "  DE = "D" "D$ ; P R IN T "  RE = "R"
ANGSTROMS" P R IN T "  D E ' = "DP" " D $ : P R IN T "  RE^= "RP" ANGSTROMS": P R IN T
4 2 0  N L = 1 : NU=5  
4 4 0  I F  NU>NQ THEN NU=NQ
4 5 0  I F  NW=63 THEN C M D " Z " ," O N "
4 6 0  FOR I= N L T O N U : P R IN T "P R E S S U R E  ='U  P ( I ) "  BAR"
4 7 0  P R IN T "  A1 = " C I C I ) "  " D $ ; P R IN T "  A2 = " C 2 ( I ) "  " D $ " * " D $
4 x 0  NEXT
4 9 0  CMD"Z".. "O F F "
5 0 0  INPUT"W HEN YOU W IS H  TO CONTINUE PRESS 'E N T E R '" j CS
5 1 0  I F  NU=NQ GOTO 5 3 0
5 2 0  N L = N L + 5 : N U = N U + 5 ; GOTO440
5 3 0  IN P U T "D O  YOU W ISH  TO CALCULATE VALUES FOR DATA A N A LY SIS  ( Y / N ) " ; A $ : I F  A $ = "Y "  
THEN GOSUB 1 2 9 0
5 4 0  CLS : IN P U T  "DO YOU WISH TO EVALUATE OR IN P U T C O E F F IC IE N T S  FOR NEW E X C IT E D -  ST 
ATE VALUES BUT SAME GROUND-STATE VALUES"; CS
5 5 0  I F  C $ = " Y E S "  G 0 T 0 3 2 5
5 5 1  I  NPUT "DO YOU W ISH  TO IN P U T  A NEW RE FOR THE SAME DE ( Y / N ) " ; A *  IFA $="Y "TH E N Q Q  
$ = " SECOND" :  IN P U T " IN P U T  NEW RE ( A N G S T R O M S )" ;R :G O T O 1 6 0 ; ELSEGOTO560
5 6 0  END
5 6 8  IF Q Q $ = " SECOND" T H E N 1 0 8 0
5 6 9  I F  W=1 THEN 5 7 2  ; ELSE I F  T $ = "N O "  THEN 5 7 5
5 7 0  IN P U T  "DO YOU WANT TO IN P U T  A VALUE FOR B " ; T $ : I F  T$="N O " THEN 5 7 5
5 7 1  IN P U T " IN P U T  A VALUE FOR B "; B
5 7 2  N = 2 * L Q - 3 ; L W = 0 : N N = N Q -1 : C L S : P R IN T  "CURRENTLY CALCULATING F < " N " > " : W = 1 ; I F  LQ >0 T 
HEN 6 9 0
5 7 3  GOTO630
5 7 5  L W = 0 ; N U = 0 : N = 2 * L Q - 3 : N N = N Q - i ;  CLS: PR I  NT "CURRENTLY CALCULATING F ( " N " ) "  : I F  LQ>0 T 
HEN 6 9 0
5 3 0  I F  D $ = " C M -1 "  THEN B = D /6 .  9 5 0 8 3 D - 1 /T : G O T O 6 3 0  ELSE GOTO 5 9 0  
5 9 0  I F  D $ = " C M -1 "  THEN B = D /6 .  9 5 0 B 3 D - 1 / T  GOTO630 ; ELSE GOTO600  
6 0 0  I F  D $ = " E V "  THEN B = D /8  6 1 7 4 7 D - 5 / T  GOTO630 : ELSE GOTO610  
6 1 0  I F  D $ = " E V "  THEN B = D /8  6 1 7 4 7 D - 5 7 T :GOTO630 ELSE GOTO620
6 2 0  I  NPUT "UN I T S  G IV E N  FOR DE NOT RECOGNIZEABLE. SHOULD BE C M -1 ,  C M -1 , EV OR EV,
IN P U T  VALUE OF B> BUT BE CAREFUL; WHATEVER U N IT S  YOU HAVE USED FOR DE, THE  
SAME MUST BE USED FOR D E ' " ; B
6 3 0  FOR I= 0 T O N N  X T = X V ( I ) : I T = I : P T = P ( I + 1 )  R T = R L ( I + 1 )
6 4 0  FOR K = I T O N N : I F  X Y ( K ) < X T  THEN X T = X Y ( K ) : I T = K  P T = P ( K + 1 )  R T = R L (K + 1 )
6 6 0  X Y ? Î t > = X V (  I  :> ; XY< I  >=XT : P< IT + 1 > = P <  I + l >  :P (  I + 1 ) = P T  : R L ( I T + 1 ) = R L ( I + 1 )  : R L ( I + 1 ) = R T  
6 7 0  NEXT
6 8 0  REM ★ ♦ ♦ ♦ ♦ C Y C L E  I S  I N I T I A T E D ^ ^ ^ ^ ^ *
6 9 0  X I= X U
7 0 0  X (L Q ,  0 > * X I  : M = 0 : AM=0 0 0  : AT=0. D0
7 1 0  I F  LW=1 THEN 9 5 0
7 2 0  Y = X (L Q ,  M > -1 .  D0
7 3 0  I F  X (L Q ,  M>>1. D - 2  THEN 7 5 0
7 4 0  N U = N U + 1 : M U = N U / 1 0 : HT=QD^2. C MU : GOTO950
7 5 0  F ( 0 > = 1 .  0  : F ( l ) = - 2 .  0 * B ^ Y  «  «
F ( 2 > = - 2 .  © ♦B+4. © ♦ ( B ^ Y > C 2 : F < 3 > * 1 2 .  ©♦Y^BC 2 - 8 .  0 ^ ( Y ^ B ) C 3  
7 7 0  F ( 4 > = 1 2 ,  © ♦ B C 2 -4 3 .  0 ^ ( <Y + B ) [  2 ) ♦ B + 1 6 .  ©♦<Y^B>C 4 
7 8 0  F ( 5 > = —120^Y^BC  3 + 1 6 0 ^ B ^ (Y ^ B )C  3 —32. © ♦<Y ^B >C 5
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( 1 ,  D - 1 ) [ 6  ; A X ( I , 3 ) = F I ( 2 ,  I  D - l ) [  1 2  NEXT
1 3 1 0  IF N W = 6 3  THEN C M D " Z " ." O N "
1 3 1 5  KG=1 IN P U T"C '0  VOU W ISH  TO P R IN T  M A TRIX  ELEMENTS ON P RINTE R  ^V^N'>" I F  A s -
’ N" THEN CMD"Z".. "O FF " : KG=Q ' ' ' '
1 3 2 0  P R I N T " "  P R IN T " T H E  M A TR IX  ELEMENTS ASSOCIATED WITH R l  ARE PRIN TE D "
1 3 3 0  N L = i : NU=3
1 : 4 0  I F  NO :n u  t h e n  n u = n q
13 5 0  FOP I -N L T Ü N U : PR IN T "P R E S S U R E  = " P i  I >" BAR"
13 SO FOP J - 1 T 0 3  . P R IN T "  M*: " I " . " J " ;> = " AX( I . J NEXTJ  
1 3 7 0  N E X T I
1 3 SO C M D - Z " . " O F F "  INPUT"WHEN READY TO CONTINUE PRESS E N T E R " ,A $
1 3 0 0  IFNU=NQ THEN 1405*
1 4 0 0  N L - N L + 3 . N U = N U + 3 ; I F  NW=63 AND KQ=1THEN CMD"Z", "ON"
1 4 0 1  G Ü T O 1340
1 4 0 ?  IN P U T"D O  YOU W ISH TO HAVE DETERMINANT VALUES P RINTE D  ON PRINTER r Y " N ' A$ I 
F A $ = "N "T H E N  K G = 0 ; ELSEKG=1
1 4 1 0  N V = 0 . I F  NW=63 AND KG=1 THEN C M D " Z " ," O N "
1 4 2 0  F 0 R I = l T 0 N Q - 2
1 4 3 0  F O R J = I + 1 T 0 N Q - 1
1 4 4 0  F0RK=.T+1T0NQ : N V=NV +1
1 4 5 0  DT=AX'. 1, 1> +AX'‘. J, 2 ) *A%CK, 3 ) + A X (  I ,  2 )  + A X ( J , 3 ) * A X ( K ,  1 ) + A X (  I ,  3 ) * A X (  J , 1 + AXc K. 2  ? -  
AX-:. I ,  1 ' "HAXC J, I  V kAXCK, 2 ) - A X (  I ,  2 ) * A X (  J , 1 > *A X < K , 3 > -A X < I . .  3 ) * A X ( J ,  2 ) * A X ( K ,  1 )
1 4 6 0  PR I  NT "FOR THE SET " I  ", " J " ,  "K" . = "DT L B = N V /7  L C = L B *7 : IF L C = N V T H E N  CMD"Z", "O
F F " . INPUT"W HEN READY TO CONTINUE PRESS E N T E R " ;A $ :E L S E  GOTO1480  
1 4 7 0  I F  NW=63 AND KG=1 THEN C M D " Z " ," O N "
1 4 8 0  NEXTK
1 4 ? 0  NEXTJ
1 5 0 0  N E X T I
1 5 1 0  N V =0
1 5 2 0  F 0 R I = 1 T 0 N Q - 1
1 5 3 0  F O R J = I + 1 T 0 N Q ; N V=NV +1
1 5 4 0  Y P = ( A X (  J , 1>+AX< I ,  2 > -A X C  I ,  1> *<AXC J . 3> > /< A X <  I ,  2 ) * A X (  J , 3 ) - A X (  J , 2 ) * A X (  I ,  3> > Z P = -  
: IA X ( I ,  1 ) + A X ( I , 2 ) * Y P ) / A X ( I , 3 )  G Z = Z P / ( Y P * Y P )  Z Z = G Z * Y P : I F  Z Z < 0  D0 THEN Z Z = - Z Z  
1 5 5 0  RC=10. D 0 * < : Z Z ) [  ( 1 / 6 )  DC=1. D 0 /G Z
1 5 6 0  PR I  NT "CALCULATED FROM P C I " )  AND P (  " J "  ) : " P R IN T "  D E ' = "DC" "D$ :P R IN T "
R E '  =  "R C " ANGSTROMS"
1 5 7 0  L B = N V /5  L C = 5 * L B : I F  L C O N V  T H E N 1590
1 5 8 0  C M D "Z " , " O F F " : INPUT"WHEN READY TO CONTINUE PRESS E N T E R " ,A » ; IFNW=63THENCMD"Z"  
"ON"
1 5 ? 0  NEXTJ  
1 6 0 0  N E X T I
1 6 1 0  F 0 R I= 1 T 0 N Q  : B 1 = C F I< 2 ,  D C  2 / F I  ( 1 ,  I  )C 2 ) - 2 ,  D 0 * F I  ( 2 ,  I ) * F I ( 3 ,  D / F K l ,  I ) + F I ( 4 ,  D  B2 
=2. D 0 + C 1 (  I  ) * F I  ( 0 ,  I  ) *<F I  ( 2 ,  I  ) / F I  ( 1 ,  D - 2 .  D 0 * C 1 ( I ) * F I ( 0 ,  I ) * F I ( 2 ,  D + F K 2 ,  I ) / ( F I ( 1 ,  D  + 
F I  - ; i ,  I  )  . B2=C 1< D  *<C1( I  ) * F I  <0 , I  ) * F I ( 0 ,  I  ) * F I  ( 2 ,  I ) / ( F I ( 1 ,  D * F I  ( 1 ,  I  ) ) - 2 .  D 0 * C 2 ( I  ) * F  I (
O- I  ■
1 6 1 5  Z Z = B 2 * B 2 - 4  D 0 * B 1 * B 2  I F  Z Z < 0  THEN BP< D = 0  ; BM< I  ) = 0  ; RP< D = 0  : AM( D = 0  : GOTO 1 6 3 0  
1 6 2 0  BP'. I  > = ( - B 2 + 3 Q R ( Z Z )  ) / ( 2 .  D 0 * B 1 )  : BM< I  ) = < - B 2 - S Q R ( Z Z )  ) / ( 2 .  D 0 * B 1 )  ; AP( D  = (B P (  I  ) * F I  
. 2 .  I  ' - C l ' :  I  :' * F  I ':0, I  > ) / < 2 .  D 0 * F I  >:i, D  ) AM< I  ) * < B M (  I  ) * F I  ( 2 ,  I  ) - C l (  I ) * F I ( 0 ,  D  D 0 *F  I
( 1. I . ' ;■*
1 63  0  NEXT
1 6 4 0  IF N W =62TH E N C M D "Z " , " O N " : N L = 1 ; NU=*3; P R I N T . P R IN T  : P R IN T  P R IN T"TH E S E  CALCULATIONS  
WERE FOR S IN G L E -P R E S S U R E  A1 AND A 2" . P R IN T "  X = ( R E ' / R E ) C 6 "
1 6 5 0  IF N W = 63  THEN C M D " Z " ." O N "
1 6 6 0  IFNQCNUTHEN NU=NQ
1 6 7 0  FO R I= N LT O N U ; PR I  NT "PRESSURE = " P ( D "  BAR" P R IN T "  A+ = " A P ( I . V  B+ = "BPr
I '  P R IN T "  X = " ';D-BP< D  > / ( D - A P <  I  ) ) " ■ D E '  = " ( D - A P ( I ) ) * ( D - A P ( I ) ) / ( D - 6 P ( I ) )  PR
I N T" A -  = "AM( D  " , B -  = " B M ( D
1 6 8 0  P R IN T "  X = " (D -B M < D  ) / ( D - A M <  D  ) " > D E '  = " (D -A M (  D  ) * ( D - A M <  D  ) / ^  D -B M ( I  > >
N E X T I
1 7 0 0  N L = N L + 3  N U=N U +2^C M D "Z", "OFF" : INPUT"WHEN READY TO CONTINUE PRESS E N T E R " ,A $  G 
*i710*^CMD"Z".. "O FF" INPUT"WHEN READY TO CONTINUE PRESS ENTER": A$
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172:0 RETURN
1 7 : 0  FOR 1 = 1  TO NQ
1 7 4 0  P R IN T " F O R  P = " P ( I B A R "
1 7 4 1  IN P U T ” A l = " : C l < I > IN P U T "  R 2 = - , I >
1 7 5 0  NEXT
1 7 ^ 0  RETURN
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Appendix E
In an attempt to  determine the v a r ia t io n  o f  the exci ted s ta te  
in te rm o le c u la r  parameters associa ted w i th  an e r ro r  in the estimate o f  
the ground s ta te ,  a hyp o th e t ica l  system was constructed and analyzed by 
the same means as the experimenta l systems. A ground s ta te  o f  r  = 6 A
and D = 200 cm was used in con junct ion  w i th  an exc i ted s ta te  o f  r  ' =
-1 ®5.5 A and D^' = 300 cm , These values represent the "exact"
in te rm o le c u la r  parameters o f  the system.
C o e f f i c ie n t s  were ca lcu la te d  at .5, 1, 2, 3, 4, 5, 6, 8, 10 and 15
bar.  These c o e f f i c i e n t s  were then used to  ca lcu la te  new exci ted s ta te
in te rm o le c u la r  parameters as the ground s ta te  r  and D values weree e
s y s te m a t ic a l l y  va r ied .  The new exc i ted  s ta te  values could then be
® — 1 
compared to  the o r i g i n a l  parameters o f  r ^ '  = 5.5 A and D^' -  300 cm
p e rm i t t in g  an est imate o f  the v a r ia t io n  in the exc i ted s ta te  caused by
u t i l i z i n g  " i n c o r r e c t "  ground s ta te  values (Table 8).
Exper im enta l ly  the determinants should f l u c t a te  (see p. 52) about
zero, w i th  approx imate ly  equal numbers o f  p o s i t i v e  and negative values.
The abso lu te  value o f  the determinant is  expected to be small since
t h e o r e t i c a l l y  a l l  determinants are zero. Therefore, the magnitudes o f
the determ inants  serve as in d ic a to rs  o f  the accuracy o f  ground s ta te
and/or c o e f f i c i e n t  values.
In the CH^I/SFg systems analyzed, determinant values averaged in 
the tens o f  thousands. One set showed a preponderance o f  negative 
values but the o ther  sets were evenly s p l i t .  For t h i i r a n e  perturbed































^*Note: C o e f f i c ie n ts  var ied (C^ +.5, +10)
and even in to  the hundreds, were not uncommon when DBH was used to 
est imate the ground s ta te  parameters. However, these values rose to the 
low tens o f  thousands when the ground s ta te  est imate was based on com­
par ison w i th  ox i rane.  used. Th i i rane  with SF^ gave the smallest de te r ­
minant values o f  any system analyzed. Determinants were negative, then 
p o s i t i v e ,  and towards the end f lu c ta te d  to both p o s i t iv e  and negative 
numbers.
The determinants f o r  t h i i r a n e  w i th  both argon and t e t r a f l u o r o -  
methane were la rg e r ,  w i th  many values in the hundreds o f  thousands. For 
t h i i r a n e  w i th  argon determinant values were mostly negative, whereas fo r  
t h i i r a n e  w i th  CF^ the m a jo r i t y  o f  the determinants were p o s i t i v e .
For the hypo the t ica l  system the determinants were r e l a t i v e l y  small, 
w i th  values u su a l ly  in the hundreds. Determinants were smal lest when 
on ly  one parameter was var ied .  I n te re s t in g ly ,  when the c o e f f i c ie n t s
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were va r ied  versus the ground s ta te  parameters, determinants became much 
la rg e r  w i th  values in  the tens and even hundreds o f  thousands. This 
in d ica te s  a much g re a te r  s e n s i t i v i t y  to  the c o e f f i c ie n ts  than ground 
s ta te  values.
I t  a lso was found th a t  i f  one or both o f  the ground s ta te  para­
meters was overest imated (value increased) v i r t u a l l y  a l l  determinants 
were p o s i t i v e ,  w h i le  i f  parameters were underestimated determinants were 
negat ive .  F in a l l y ,  when one parameter was overestimated and the other 
underestimated the sign o f  the determinants predominantly fol lowed the 
change in  d i r e c t i o n  o f  the p o te n t ia l  well  depth.
In a d d i t io n  i t  was found th a t  e r ro rs  in the po te n t ia l  well depth 
were always minimum at the lower pressures wh i le  erro rs  in the i n t e r ­
molecular d is tance were minimum at the higher pressures. This seems to 
in d ic a te  a method by which both ground s ta te  and exc i ted s ta te  estimates 
could be improved. A program could be w r i t t e n  to ca lcu la te  new ground 
s ta te  parameters based on the inpu t  o f  the c o e f f i c ie n ts  and excited 
s ta te  values. D^' from the low pressure and r ^ '  from the high pressure 
(w i th  the exc i ted  s ta te  e r ro rs  minimized) should give a be t te r  estimate 
o f  the ground s ta te  parameters than what was used o r ig in a l  l y .  The 
process would be repeated u n t i l  cons is ten t  values o f  the exc i ted s ta te  
parameters could be ca lcu la ted  at a l l  pressures. Thus, the e rro rs  in
r  D . r  ' and D ' would a l l  be minimized, 
e e e e
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